Higgs Boson - Lecture 3

Limits on the Higgs Mass
and
Radiative Corrections to my,
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Bounds on the Higgs Mass

e A priori the Higgs mass could be anything :m7, = 2\ v?

e If A\ is too large, perturbation theory fails

e Fix every parameter by comparison to a measurement

o If we measure o at small ¢°, o ~ 1/137.

e In muonic atoms, the muons are inside the polarization cloud
e They see "more” nuclear charge: o increases at short distance.
e In QCD we find o, behaves oppositely.

e Let us examine what happens in scalar field theory.
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Upper Bounds on the Higgs Mass

D2 Py P2 Py P P

p g / p P /
! P1 L P1 L /%)

Second order scattering in ¢*.

Study radiative corrections to A

Lagrangian

1 1
L = 0,00%) — §M2¢2 — 5)@4
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Two-to-two amplitude

Lowest order
— 1Moy = —12t); 112 = 4!/2]

Mandelstam variables

s = (p1+p2)° = (0] +py)%
t = (p1—ph)° = (p2—ph)*
u = (p1—ph)?=(p2—p})?

For a real scattering event, these always statisfy

s+t +u=4m?
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One-loop amplitude

we take s =t = u = Q% < 0 [off-shell]

—iM, o = (—iN/2)2-

21 7 )
(24)%3 | ot ra e

forget about spontaneous break down
Use the apparent scalar mass ..

Q) is just Q = p1 + p/ for first diagram.
Factor of 1/2 comes from the loop

Use the Feynman trick

1 1
AB f dx( At (1—z)B)2
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Do integral:

d4k 1 1 1 d*k 1
/ 2m)k2 — p2(k— Q)2 — 2 /0 e / 1(27T)4 (k%2 =22k - Q + 2Q? — p2))?

! d*k 1
/0 i / 1(27T)4 [(k —2Q)? — 22Q? + 2Q? — p?)]

Dimensional regularization:

d"p - iﬂn/zr(a B n/z)mn—Qa 1\«
[ = " v Y
d"p p* N iWn/ZF(Oé —n/2 — 1)mn—2a B a+1m22
/(p2 —m2)> T(a) (—1) 2

Remember: I'(n+ 1) =n!, zI'(z) =T(z+1)
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Using dimensional regularization

—iMs g = (—iX/2)? - (24)% - 5 [y daT(e) (u? + 22Q% — 2Q?) ™

where

A=A — 1 4+ elnA+ ...

Two other diagrams:
Mo + Ms = 12X — 27 [ dz[D(e) — In(p® + 2°Q% — 2Q?)]
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Renormalize

“Oh, | meant that the amplitude should be 12\, when Q% = —p? :

add a piece 0\ to fix this up.”

Mo+ Mo =12\ + 120\ — 227—7:\22 01 dI[F(E) _ ln(MQ T $2Q2 - ZUQ2)]

where

126\ — 21X fol dz[l'(€) — In(p? — z%p® + zp*)] =0

272

c'est a dire

27A2 ! u? 4+ 2Q? — 2Q?
= 12\ dx 1
MO—I—MQ —+ 2 /0 7% HMQ_x2M2+x'u2
2T \2 2
~ 12\ + In Q@
o2 2
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Sum geometric series

I\ . Q?
M = 12)‘[1+8w2mu2 + ..
B 12
1 — 49—7:‘21n%
= 12Ag
Landau pole: blows up at
2
Q — ALandau — ,u647T /(9A)

Interpretation: theory doesn’t exist beyond here!
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Implies upper bound on Higgs mass

Assume
1 472
<_A aunau;1 Aanau — N
my < 5ALand N(ALandau/ M) 3
from
2 2 2><4772v2
M = 2Av° < 2575
which gives

mpyg < 875 GeV
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Better: four scalars

2 2 47202

which gives
myg < 1.07 TeV.

Alternatively: suppose theory works up to new scale A

2 2 4202
My = 2A0° < 337

A =10 GeV, my=160 GeV;
A =10" GeV, mpy =213 GeV
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Lower Bounds on the Higgs Mass

Generalize our treatment with differential equation

_ 9 19
47T2lnu

1 _ 1 _ 1
XNQ) = 2o~ A

so that
1 oXQ) _ 9

AMQ)20InQ 472

Add effect of ¢ quark

m
AN = H
202

Ty

g = ——
v

the equation for \ reads, with t = In Q?,
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d\ 1
- = uh2@u?+maﬁ—1@§

3 3
__)\ 3 2 12
2(g-+g)+1g

20" + (¢° + 9")?)
If X\ is small, ¢ quark can drive it negative

A < 0 i1s unstable
A(R) = A(v) — 72290 In(A2/0?)

so this sets a limit

m%{ o ng In(A?/v?) ~ (68 GeV\/ln(A/v))2

More detailed analysis considers the likelihood that at high temperature
universe - or pieces of it - will tunnel to wrong vacuum.
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Radiative Corrections

Special relation:
My — COS @sz

Consequence of Higgs doublets only:

(Du(9))"Dyu{d)

If we have several multiplets we can write

Dyl@) = Sy | GHTHW + T-W;) + gTsWs — g'Ts B (6)
Used (¢) = (Ts +Y/2)(g) = 0
Now we can rewrite masses as

(Du<¢>)TDu<¢> —
S { ST +1) = TE2WHW= 4 T3g? + 9) 22} (9)?
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The ratio of the squares of the masses is thus

2 L T(T+1)—T35)3(¢)>
9%+g'? T35 (p)?

2
i
"y

If all Higgs multiplets have weak isospin 1/2, relation preserved
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Fixing the parameters of Standard Model

e Three fundamental parameters of electroweak theory: ¢, ¢’, v

e Determine these with three physical measurements

- myz = 91.1876(21) GeV

— Gp = 1.16639(1) x 107° GeV 2

— Qe = 1/137.03599975(50); a(mz) not so well known
e Other “external” parameters: m;, my, CKM matrix,...

e Every observable can be predicted in terms of these parameters

e Prime example: myy = 80.422(47) GeV
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Basic relation for I/ mass

2 _ (g2 + g7
Z 4
1
Gr —
F N
1 1 1
— = 1/(4ma) = =+ —
02 /(4ma) 2 g2
: _ 5 9202
Cannot also demand first order relation My = “3

Instead

2 1 dra(14+Ar) 2
mW_§(1+\/1_ \/iGpm2Z>mZ
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Role of Ar

All radiative corrections reside in Ar

Sensitivity of m3;, to Ar:

1
mi, = 5 (1 + \/1 — sin? 20y (1 + Ar)) m>
1 6’m‘2/V B sin? Oy ~ _0.36
m2, 0Ar 1 -—2sin?0y
L Omw 018
mw OATr '

shift of Ar by 0.01 changes myy by 145 MeV.

Ar gets contributions from loops of fermions, Higgs, Ws Zs
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Role of Ar

Ar:Aa—AP§_§+g—j[ 33(mz) — 25°11; o(m 2+ 5 (s% =)y (miy)

where s = sin 6y, ¢ = cos Oy, and where

Aa = € [llgg(my) — ge(0))
Ap = ﬂg—ZW[H”(O)_HBS(O)]
I'(¢®) = [H(¢®) —1I1(0)]/¢?

(s

I133 represents loop with W3 in and W3 out, etc.
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Higgs Contribution to Ar

H
Wi T e
H

Higgs contributions to W and Z self-energies.

e Seek only leading dependence on my
e No coupling to photon so drop terms with () coupling

e Approximate Il(m%) = 11}, (m%,) = Il (0)

Result:
2

2
Arg = 5-4-[T133(0) — 11 (0)] + 29°T135(0)

2
W
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Diagram with emission and absorption at same point doesn’t contribute:

I133(0) = I11(0); 53(0) =0
Couplings of Higgs to WW and ZZ:

WWH : (z’gQU/2)ga5 = 1gMWwYGas
ZZH : (ig°v/2cos” 0w )gas = (igmw/cos® Ow)gas

« and (3 tied to the gauge bosons
1/ cos 0% goes away because each 13 has only cos worth of Z in it.
For either 1117 or II33 we have

, d”k i —1(gag — kakg/m?)
Map(a®) = (m)* [ G

dnk 0B — L — L — 2
= (im) / dx/ o 9 5 ( 2q)a( xq)g/m

— 22¢% + 2q® — xm?, — (1 — z)m?)?
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Look only at g,z type terms:
k;k’ﬁ — k"?gas/n

to obtain

np! m2_k'?/n
_fg dmf(céﬁlgzl 112 2/)2

where m is myz or myy and

p? =xm3 + (1 —x)m? — z(1 — x)q*
Dimensional regularization again
o —il'(2—n/2) m? + p?/(2 — n)
ill(g”) = 1672 /0 dx (u2)2—1/2
Ol(g?)  —il(2—n/2) /1 ; (2 —n/2)m?/u? —1/2
¢ 82 1672 ; L (u2)2—n/2

—z(1 — )]
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We expand

(12)277/2 = 14 (2= n/2) Inp? = 1+ (2 — n/2)[lnm + O(m?/m%)

SO

ill(¢®) =

iT1(0) =

and

i(I133(0) — 1111(0))

_Z'F(126;2n/2) /O drim? + u?/(2 = n)][1 — (2 — n/2) Inm3]
iT2—n/2), 5 my+m’ ;
16m2 "t Ty gy I o/l
_ _ir(1267_r2n/2> (m3, — 77742/[/)
L e Y e n/2)mm?
“Tom2 T g gt~ 2o n/2) nmy
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Look only at m dependence.

Total result isn't even finite since we neglected W and Z loops
Hgg(O) — Hll(O) = %(mQZ — m%)ﬁln m%{

In TI" we drop the term suppressed by m?/m?

(@A) —TR-n/2) [ :
i oz = /Oda:[:z:(l—:z:)/Q][l—(Q n/2) Inmi]
i1,
T6n212 A

Combining all this,

2 2

C
Arg = = _[M33(0) — 131 (0)] + 2¢°TT4,(0)
S mW
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Q

2
g: 3 2
Tom2ly T 12 B

V2GFrm3, 11
472 12
2.5 x 107? Inm7

2
Inmz
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t Contribution to Ar

Contribution from degenerate quark doublets small

e Ap vanishes

e lgnore difference between mz and myy

2
g—z[ 53(m%) — 28%135(m%)] + L (s — )1y (i) = —25%115,, o (M%)
vanishes when we sum over two quarks, opposite 75, same Y

Big contribution from ¢

2 2
__ 3Gpc? 2 o  2mim; mt _ 2
A,rt o 871'2\/582 {mt + mb m%_mb In mb 0.036 (175 GeV)
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Combined effect of ¢ and Higgs

1
—6émw = —0.185Ar = —0.18[5.0 x 10 35 Inmyg — 0.072—
mw iz,

(5mt

]

5
— —0.0x10%1lnmy + 1.3 x 10722
my

This is first order. Fuller treatment gives interpolating formula

mw(GeV) = 80.3829 — 0.0579 In(m g /100) — 0.008[In(mz/100)]?
Yo" () iz, 2
_0.517 1| +0543 ( ) 1
(0 0280 ) U [ 175 ]

0.085 (as(MZ) - 1)

0.118
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m, (GeV)

Current Indications for mpy
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Current values for m; and myy, with their uncertainties, with curves

determined by radiative corrections
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Summary

e We know everything about the Higgs boson but
— Its mass
— Whether it exists

e Simple Higgs is model for alternatives

— Maybe multiple Higgs - Supersymmetry
— May not have particle character - heavy higgs
— May be dynamical

e Cette chasse reste la chose la plus importante pour la physique des
hautes energies.
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Flash! Bare Higgs Revealed.

P.H. at the Firth of Forth, July, 1960.
Photograph by J. D. Jackson
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